Duration from sowing to flowering is of critical importance for crop adaptation. Breeding for the optimal flowering time is one of the major factors, which confer maximal yields in a given environment. The timing of flowering is modulated primarily by responsiveness to photoperiod and temperature, and there are large differences in sensitivity among genotypes. In most spring wheat cultivars the duration of the vegetative period is strongly influenced by genes controlling photoperiod response. In this paper we report the photoperiod responses of a set of 'Chinese Spring' substitution and partial deletion lines of homoeologous group 2 chromosomes studied under natural short days. We confirmed the presence of dominant genes Ppd1 and Ppd2 on chromosomes 2D and 2B, respectively, and compared the effects of Ppd1 and Ppd2 for daylength response. The photoperiodic responses of partial chromosome deletion lines of 'Chinese Spring' allowed us to map Ppd2 physically between breakpoints 0.27 and 0.53 of the short arm of chromosome 2B. This result is consistent with the finding of a possible location of Ppd2 based on molecular marker studies. A dosage effect of the dominant gene Ppd2 was shown.
Introduction
Common wheat (Triticum aestivum L.) is a long-day plant and quantitatively responds to photoperiod (Garner and Allard 1923) , i.e. the longer the period of light is, the earlier wheat plants flower. Wheat cultivars of low day length sensitivity are cultivated more successfully in lower latitudes compared to cultivars with high day length sensitivity (Razumov 1961) . For several decades, it has been found that breeding for high yield and good adaptation were associated with decreased sensitivity to photoperiod (Davidson and Christian 1984) . Thus, the modern cultivars of Mexico (the CIMMYT breeding program), India, Southern Europe and Japan are of lower day length sensitivity than their predecessors (Borlaug et al. 1964 , Yoshida et al. 1983 , Maystrenko and Aliev 1985 , Worland and Sayers 1996 .
Wheat cultivars vary from insensitive to highly sensitive in their photoperiod response. Keim et al. (1973) and Welsh et al. (1973) concluded that insensitivity to day length of spring wheat cv. 'Sonora 64' was controlled by two major genes and one or more gene-modifiers. It was confirmed that three genes control photoperiodic insensitivity in common wheat (Scarth and Law 1983 , Merezhko 1984 , Goncharov 1987 .
Monosomic analysis of a cross 'Cheyenne' with 'Sonora 64' showed that there were two major genes for insensitivity to short daylength: Ppd1 located on chromosome 2D (Welsh et al. 1973, Pirasteh and Welsh 1975) , and Ppd2 located on chromosome 2B . It was hypothesized that a third dominant gene with a weaker effect was located on one of three chromosomes, 4A* (designated according to the 7 th IWGS), 7B or 6D (Pirasteh and Welsh 1975) . Later a third gene, Ppd3, was located on chromosome 2A in 'Chinese Spring' by Law et al. (1978) . However, the allelic relation of this gene to the gene described earlier as Ppd3 by Pirasteh and Welsh (1975) has not been determined. The dominant gene Ppd2 was located on the short arm of chromosome 2B (Boyd 1974 , Law et al. 1978 . Scarth and Law (1984) located genes Ppd 1 and Ppd3 on the long arms of chromosomes 2D and 2A, respectively. However, using molecular markers Worland and Sayers (1996) and Korzun et al. (1998) indicated that the Ppd1 gene is located on the short arm of chromosome 2D. Law and Worland (1997) believed that dominant gene Ppd1 originated in the Far East and was transferred through the Japanese cv. 'Akakomugi' to Italy. Worland and Sayers (1996) and Whitechurch and Slafer (2002) presumed that Ppd1 is the primary gene controlling the weak photoperiod sensitivity of south-European common wheat cultivars and confers adaptation to the climatic conditions of southern Europe. Ppd1 is also found in the cultivars bred in the CIMMYT breeding program. It is presently uncertain whether Ppd1 is present in Aegilops squarrosa L. (= syn. Ae. tauschii Cosson), the D genome donor of hexaploid wheat, although several accessions of this species have been studied (Gororo et al. 2001) .
The origin of the dominant gene Ppd2, as well as its geographical distribution, is not clear, although its presence in 'Chinese Spring' and cultivars of CIMMYT breeding program suggests that it may be of Asian origin.
Most spring common wheat cultivars of mid-latitudes have photoperiod sensitivity (Razumov 1961) . A dominant gene, probably Ppd3, with weak phenotypic effect is common among them Maystrenko 1986, Goncharov 1986) .
The aims of this research were to study the photoperiod response of common wheat cv. 'Chinese Spring' and its substitution and partial chromosome deletion lines and to physically locate dominant gene Ppd2.
Materials and Methods

Chromosome substitution lines, tetrasomic lines and partial chromosome deletion lines
We considered only homoeologous group 2 substitution lines of 'Chinese Spring' (CS) since major Ppd genes controlling insensitivity to day length are located on chromosomes 2D and 2B in common wheat . Substitution lines of CS/Ul'yanovka 2B, CS/Ciano F67 2D and CS/Lutescens 2B were originally obtained from Dr. Z.B. Gulyaeva (Vavilov Institute of Plant Industry, St.-Petersburg, Russia) and Prof. C.N. Law (John Innes Centre, Norwich, UK).
In the 'Chinese Spring' chromosome substitution lines, a pair of homologous chromosomes was replaced with a pair of homologous chromosomes of the donor cultivar. For example, in the line CS/Ul'yanovka 2B, chromosome 2B of 'Chinese Spring' was replaced by chromosome 2B of cv. 'Ul'yanovka'. The Ppd-genotypes of the substitution lines were as follows: ppd1ppd1 Ppd2Ppd2 for 'Chinese Spring', ppd1ppd1 ppd2ppd2 for CS/Ul'yanovka 2B and CS/Lutescens 2B, and Ppd1Ppd1 Ppd2Ppd2 for CS/Ciano F67 2D.
Three tetrasomic lines of homeologous group 2 of 'Chinese Spring' (2n = 44) produced by Dr. E.R. Sears (Univ. Missouri, Columbia, USA) were obtained from Dr. O.I. Maystrenko (Institute of Cytology and Genetics of Russian Acad. Sci., Novosibirsk, Russia).
Response to photoperiod was also estimated for three 'Chinese Spring' lines with partial deletions of the short arm of chromosome 2B produced by Endo and Gill (1996) . These deletion lines are characterized by the fraction length (FL) values where the breaks occur (2BS-3, FL = 0.75; 2BS-1, FL = 0.53; 2BS-11, FL = 0.27).
Experiments
The 'Chinese Spring' substitution lines were sown in October 1998, and three tetrasomic lines of 'Chinese Spring' and partial deletion lines were sown in October 1999. They were grown under natural short days in the experimental fields of Gifu University, Japan (35°27'30"N, 136°44'30"E). Heading of spikes usually started from the middle of April in Gifu and April 1st was used as the arbitrary zero date. At least 10 plants were of each line were grown. Heading was recorded daily. We considered that the differences among lines in heading dates under short days would be conditioned by differences in the complement of Ppd genes, because substitution and deletion lines are different only in genes located either on chromosomes of homoeologous group 2 or over the fractions of the chromosome short arm 2B and they are of identical Vrn gene background. Thus, the differences in heading date could be simply attributed to day length response, because the combined effect of differences in Vrn and Ppd genes (Law and Worland 1997) on heading dates will be avoided. All three lines are spring and have dominant gene Vrn3 as cv. 'Chinese Spring' does (Goncharov 1986 ). The results were analyzed according to Student's test.
Results
The days to heading of the various lines in the three experiments are summarised in Table 1 . We consider here the effect of Ppd1 and Ppd2 genes on the days to heading in three sets of experiments.
The heading time of cv. 'Chinese Spring' and its substitution lines are presented in Figure 1 . CS/Ciano F67 2D was earliest among the lines. 'Chinese Spring' headed with a 7-day delay compared to the substitution line of CS/Ciano F67 2D (t = 18.18 (df = 42), P < 0.01). Substitution lines CS/Ul'yanovka 2B and CS/Lutescens 62 2B were devoid of the dominant gene Ppd2 and headed later (12 days and 5 days; t = 11.07, df = 38 and t = 25.56, df = 38, respectively. P < 0.01) than 'Chinese Spring'.
A considerable phenotypic effect of Ppd1 on the expression of insensitivity to day length was also shown compared to Ppd2. There was a dosage effect of the dominant gene Ppd2 as shown by the lower photoperiod sensitivity of the tetrasomics (4 gene doses in the tetrasomic compared to 2 in the euploid) (Fig. 2) The tetrasomic 2B of Chinese Spring (2n = 44) with four doses of the dominant gene Ppd2 was 2.5 days earlier than cv. 'Chinese Spring' (t = 8.94 (df = 48), P < 0.01). Tetrasomic 2D of Chinese Spring (2n = 44) was earlier heading than 'Chinese Spring'. Probably, the tetrasomic 2D of Chinese Spring has gene(s) with minor effect on chromosome 2D, which at four doses resulted in slightly earlier heading than 'Chinese Spring' (t = 7.85 (df = 52), P < 0.01). However the tetrasomic 2A of Chinese Spring did not manifest the effect of four doses of chromosome 2A on which Ppd3 with weak phenotypic effect is located.
Analysis of 'Chinese Spring' partial chromosome deletion lines permitted the physical mapping of dominant gene Ppd2. The heading data for the deletion lines of 'Chinese Spring' are presented in Figure 3 . Lines 2BS-1 (FL = 0.53) and 2BS-3 (FL = 0.75) did not differ significantly in their heading dates from that of cv. 'Chinese Spring' (t = 1.41, df = 47 and t = 1.80, df = 38, respectively. P < 0.01). On the other hand, line 2BS-11 (FL = 0.27) was significantly different (t = 5.36 (df = 33) P < 0.01) from 'Chinese Spring'. The results suggest that Ppd2 is located between 0.53 and 0.27 break points on the short arm of chromosome 2B (Fig. 4) . Law (1983, 1984) showed that Ppd2 is located on the short arm of chromosome 2B. Using deletion lines, the region where gene Ppd2 is located, was found between 0.27 and 0.53 breakpoints on the short arm of chromosome 2B (Fig. 4) . This result is consistent with the finding of possible location of Ppd2 based on molecular marker studies (Snape et al. 1996 , Worland and Sayers 1996 , Sourdille et al. 2000 . Substitution and addition lines, including those with the chromosomes of related species Law 1984, Murai et al. 1997) , are frequently used to study the effect of chromosomes on the expression of photoperiod response and duration of vegetation period (Scarth and Law 1983 , Whitechurch and Slafer 2002 , Foulkes et al. 2004 . The location of Ppd2 in chromosome 2B has been confirmed as shown in Figure 4 . Our data agreed with that of Welsh et al. (1973) who found the presence of a dominant gene Ppd1 in chromosome 2D of Mexican cultivars (Fig. 1) . Ppd1 strong accelerated flowering time in plants of substitution line CS/ Ciano F67 2D. The dosage effect of dominant gene Ppd2, which was found in the present study, confirms result of Islam-Faridi et al. (1996) . However, our findings differ from those of Hoogendoorn (1985) , who did not reveal any dosage effect of dominant gene Ppd2. We also did not find any effect of four doses of chromosome 2A (Fig. 2) . We suppose that the effect of Ppd gene on chromosome 2A of 'Chinese Spring' is extremely weak under field conditions. Chromosomal location of Ppd3 on chromosome 2A was contradictory. Halloran and Boydell (1967) , Zveinek (1983) , Flood and Halloran (1984) and Whitechurch and Slafer (2001) did not find a significant effect of chromosome 2A of 'Chinese Spring' substitution lines on photoperiod sensitivity, whereas Law et al. (1978) reported positive effects. Breeding for photoperiod sensitivity will be facilitated by using only 2 dominant Ppd genes, namely Ppd1 and Ppd2, and, possibly, a number of minor genes controlling photoperiod response identified on several other chromosomes (Halloran and Boydall 1967 , Islam-Faridi et al. 1996 . It may also be valuable to identify new dominant genes with strong phenotypic manifestation. Probably, some diploid wheat related species could be the sources of new dominant genes with strong phenotypic effect. Some accessions of Ae. squarrosa (= syn. Ae. tauschii) were earlier than accessions of genus Triticum (Goncharov and Chikida 1995) . Low photoperiod sensitivity is not the same as earliness and relatively insensitive cultivars could have later heading dates than more sensitive ones (Davidson and Christian 1984) . This is typical of Mediterranean wheat cultivars with high vernalization response (Razumov 1961, Davidson and Christian 1984) . It should also be noted that the lines with dominant alleles of Ppd genes are earlier under both short and long days (Goncharov 1986 ) and they affect ecological adaptability (Borlaug et al. 1964 , Martinič 1973 , number of leaves per stem (Goncharov 1986, Slafer and Rawson 1995) and other agronomically important traits in wheat (Lebsock et al. 1973 , Worland et al. 1988 , Börner et al. 1993 , Merezhko 1994 , Koshkin et al. 2004 . 
Discussion
